The QRS morphology of the 12-lead ECG of 41 morphologically distinct ventricular tachycardias (VT) was correlated with their site of origin as determined by catheter and intraoperative mapping. Twenty-two VT patterns had a right bundle branch block (VT-RBBB) morphology and 19 a left bundle branch block (VT-LBBB) morphology. All VT-RBBBs arose in the left ventricle. All 16 VT-LBBBs in patients with coronary artery disease (CAD) arose from the LV at sites on or adjacent to the septum. Three VT-LBBBs in patients without CAD arose in the right ventricle. The 12-lead ECG could not precisely identify the site of origin in patients with CAD but could differentiate anterior from posterobasal regions, particularly in VT-LBBB. The ECG was less useful in localizing VT-RBBB because of overlapping patterns. General patterns that were useful in differentiating anterior from posterobasal sites of origin included: (1) The presence of a q wave in leads 1 and V,, was seen in VT-RBBB or VT-LBBB originating anteriorly but not in VT of posterobasal or posterior septal origin.
that catheter endocardial mapping and intraoperative epiand endocardial mapping provide a direct and reliable method of localizing the origin of ventricular tachycardias.15' 16 Analysis of QRS morphology during ventricular tachycardia localized by these techniques and the correlation between QRS patterns and site of origin have not been reported. The present study was therefore undertaken to evaluate the ability of the 12-lead ECG to localize the origin of ventricular tachycardia as determined by catheter or intraoperative mapping.
Materials and Methods
The origins of 72 morphologically distinct ventricular tachycardias in 54 patients were determined by catheter endocardial mapping or intraoperative mapping. Twelve-lead ECGs were available during 41 morphologically distinct ventricular tachycardias in 34 patients. The remaining 20 patients had only two or three simultaneous electrocardiographic lead recordings during ventricular tachycardia and were excluded from the study. Thirty of the 34 patients had organic heart disease. Coronary artery disease was present in 28 and cardiomyopathy in two (tables 1-3). Twenty of the 28 patients with coronary artery disease had left ventricular aneurysms. Four patients had no evidence of organic heart disease clinically or by cardiac catheterization. Twenty-seven men and seven women, ages 8-73 years, were studied. In each patient sustained ventricular tachycardia had occurred at least three times and required pharmacologic therapy or DC cardioversion for termination.
All 34 patients underwent electrophysiologic catheterization after they gave informed written con-257 Abbreviations: CAD coronary artery disease; NHD = no heart disease; CM = cardiomyopathy; LAH = left anterior hemiblock; ASMI = anteroseptal myocardial infarction; 10AVB = first-degree atrioventricular block; IVCD = interventricular conduction disease; IMI = inferior myocardial infarction; LVH = left ventricular hypertrophy; AMI = anterior myocardial infarction; RVCD = right ventricular conduction delay; LAD = left anterior descending coronary artery; RCA = right coronary artery; circ = circumflex coronary artery; MR = mitral regurgitation; VSD = ventricular septal defect; S/P = status post; CABG = coronary artery bypass graft; MVRmitral valve replacement. 100% LAD, 95% circ, 60% RCA, apical aneurysm Abbreviations: CAD coronary artery disease; NHD = no heart disease; 10 AVB = first-degree atrioventricular block; LAH left anterior hemiblock; ASMI = anteroseptal myocardial infarction; RBBB = right bundle branch block; IVCD = interventricular conduction disease; IMI = inferior myocardial infarction; AMI = anterior myocardial infarction; MR = mitral regurgitation; LAD left anterior descending coronary artery; circ = circumflex coronary artery; RCA = right coronary artery.
sent. Multiple electrode catheters were inserted for recording and stimulation as previously described. '6'-7 In all but two patients, the tachycardias could be initiated by the introduction of one to three premature ventricular extrastimuli. In these two patients, ventricular tachycardia was present at the time of cathe-terization. Catheter endocardial mapping was performed in all 34 patients, as previously described.'5 '7 Briefly, multiple sites within the right and left ventricles were explored during initiated or spontaneous ventricular tachycardia ( fig. 1 ). The catheter sites were verified by multiple plane fluoroscopy. Local ventric- Catheterization data  1  48  M  CAD  RBBB, ASMI   100% LAD, 99% RCA, apical aneurysm   2  60  M  CAD  LVH, 1°AVB, IMI   80% RCA, 75% circ, 60% LAD, inferior aneurysm   3  58  M  CAD  IVCD, LAH, 10AVB,   100% LAD, 90% RCA, apical aneurysm   ASMI  4  63  F  CAD  IVCD  S/P double CABG, inferior aneurysmectomy  5 ular electrograms from these sites were recorded with electrode catheters using a 1-cm interelectrode distance. Electrograms were filtered at 30 or 40 to 500 Hz and the site of origin of the ventricular tachycardia was determined by the earliest recorded discrete (at the point at which the first rapid deflection crossed the baseline) or presystolic fragmented electrogram. '7' 18 In some patients the rapid rate of the tachycardia made it difficult to determine if sites were very early or very late. In these cases, by slowing the tachycardia rate with drugs (e.g., procainamide) we could define the earliest site. Drugs were also used to slow the tachycardia rate in order to attenuate the hemodynamic embarrassment associated with the initiated tachycardia. The site of origin determined by catheter mapping was then correlated with the QRS morphology of each ventricular tachycardia. Twenty of the 34 patients underwent surgery for tachycardias that were resistant to medical therapy. Validation of FIGURE 1. Right and left ventricular mapping sites.
the origin of ventricular tachycardia as determined by catheter mapping was obtained in these 20 patients by intraoperative mapping. Our intraoperative mapping techniques, including epicardial and endocardial mapping, have been reported. '6 19 Data obtained during cardiac catheterization were recorded on a multichannel oscilloscope (Electronics for Medicine DRl6 or VRl6) and were simultaneously stored on analog magnetic tape (Honeywell 5600). Data were subsequently retrieved at paper speeds of 150-400 mm/sec for analysis.
Results
Forty-one morphologically distinct ventricular tachycardias were mapped in 34 patients. Twenty-two patients manifested intraventricular conduction defects during sinus rhythm (tables [1] [2] [3] . There was no correlation of site of origin, QRS width, axis or cycle length during the tachycardia with the QRS morphology during sinus rhythm. Ventricular tachycardias were grouped into right and left bundle branch block patterns, based on the QRS morphology in V,. A right bundle branch block pattern was defined by mono-, bior triphasic R waves in V, or a qR in V1. A left bundle branch block pattern was defined by a QS, rS or qrS in V, and confirmed in most by intraoperative mapping. ' ventricle and three arose in the right ventricle. All ventricular tachycardias in patients with coronary artery disease originated in the left ventricle, while tachycardias in three of the four normal patients arose in the right ventricle. In patients with two morphologically distinct tachycardias, both forms arose from the left ventricle at the same or adjacent site (figs. 2 and 3).
Representative ECGs of all ventricular tachycardia morphologies and their sites of origin are shown in figures 4-10. Both left bundle branch block and right bundle branch block morphologies could arise from similar areas, particularly along the septum. QRS axes reflected a superoinferior origin regardless of whether this occurred apically, basally or laterally. However, occasionally patients would have axes inappropriate for site of origin. For example, patient 4 (table 4) and patient 5 (table 6) had-superior axes despite a superolateral origin (site 9). Moreover, disparate QRS axes were seen in tachycardias arising at similar regions ( fig. 5 ). Therefore, gross electrocardiographic features, such as bundle branch block pattern and QRS axis, could not reliably localize the origin of the tachycardia. However, subtle features in lead 1 and the lateral precordial leads were more helpful in predicting the general area from which certain tachycardias arose.
Ventricular Tachycardia with Right Bundle Branch Block Morphology
All 22 tachycardias with right bundle branch block morphology arose from the left ventricle. For comparative purposes, the tachycardias were divided into three anatomic regions, based on site of origin. Group 1 included nine tachycardias from anteroseptal sites (sites 1, 2 and 3), group 2 included six from anterolateral sites (sites 7 and 9) and group 3 included seven from basal sites (sites 4, 6 and 8). The tachycardia characteristics are shown in tables 4 and 6. Of the 22 tachycardias with right bundle branch block morphology, lead V1 demonstrated a mono-or biphasic R wave in 11 cases, a qR in eight cases, a qRs in one case, a rR' in one case, and a rsr' in one case. The QRS axis was superior in 17 cases, inferior in three cases and normal in two cases.
Six of the nine tachycardias in group 1 arising at anteroseptal sites (sites 1, 2 and 3) are shown in figure  4 . Although monophasic or biphasic R waves were seen in Vi (figs. 4E and F), a qR pattern in V1 was observed when the tachycardia arose from site 2 or site 3 (figs. 4A-D). While a loss of R waves or lack of 1 Thus, no particular QRS morphology characterized this group of tachycardias. Group 3 included seven ventricular tachycardias with right bundle branch block morphology arising at the posterobasal region of the heart, either inferiorly (sites 6 and 8) or septally (site 4). Five of these tachycardias are shown in figure 6 . Four of the five tachycardias arising from sites 6 and 8 were morphologically very similar, having a monophasic R wave in leads V1 and V2 with diminishing but persistent R waves across the precordium ( fig. 6 ). Each of these four tachycardias also manifested an R wave in lead 1, a superior axis of -45 to -1500, and terminal S waves in V,. However, one tachycardia arising from this region differed significantly. In this tachycardia, V1 demonstrated an rSr' and the remainder of the precordial leads demonstrated large R waves which were monophasic in leads V3 through V, (fig. 6D ). This tachycardia also demonstrated Q waves followed by broad, tall R waves with terminal slurring in the inferior leads and a normal axis of +30'.
In two patients ( fig. 6E and case 15 in table 4), the tachycardias arose from the posterior septum at site 4. Each had a monophasic R wave in V1 with persistence of R waves and terminal S waves across the anterior and lateral precordium. However, one tachycardia had a superior axis (not shown) while the other had an inferior axis. Although the precordial leads of ventric- ular tachycardia E in figure 4 were not too dissimilar from those of ventricular tachycardia B, the standard limb leads were markedly different. An inferior rightward axis was present in tachycardia E, while tachycardia B had a superior axis. Thus, similar QRS patterns in the precordial leads could be associated with markedly different patterns in the standard limb leads. The only common feature of group 3 tachycardias were R waves in leads 1 and V, In summary, in ventricular tachycardias with right bundle branch block morphology, the electrocardiographic features (table 7) could not be used to localize reliably the origin of ventricular tachycardia because of frequent overlapping patterns. Ventricular tachycardias with monophasic R waves in V1 could originate from septal, anterolateral or basal sites.
Similarly, a qR in lead V1 and/or V2 was noted in ventricular tachycardias arising at the anterior septum or the anterolateral left ventricle. However, findings in lead 1 and the precordial leads were helpful in regionalizing the origin of ventricular tachycardia into anterior and basal zones. A qR or QS in lead 1, and a Q wave in V1, V2 and V6 suggest an anterior origin but with coronary artery disease and arose in the left ventricle (figs. 8-10), while three were in patients without cardiac disease and arose in the right ventricle ( fig. 7) . Two of the tachycardias arising in the right ventricle came from the region of the right ventricular outflow tract ( fig. 7 ) and manifested an inferior axis (+75 and +90°), a QS or rS in V1, and monophasic R waves in V. The remaining tachycardia that arose from the right ventricle came from the region of the inflow tract and had normal axis (+ 15) with an R wave in lead 1, a QS in V1 and R waves in V. Of the 16 ventricular tachycardias with a left bundle branch block morphology arising in the left ventricle, 10 had an rS in V1, four had a QS in V1, and two had a qrS in V. All but one of these left ventricular tachycardias arose from sites on or adjacent to the interj-^Z-0ge t ts * V S V 2 3 aVR aVL aVF l V2 V3 V VS V6 t-~~~AI t___A cle in which R waves were present in both leads 1 and V. In patients with rS in V1, the width of the r wave exceeded 20 msec. All of these patients underwent intraoperative mapping at surgery due to failure of pharmacologic control of their arrhythmia. In each, right ventricular activation was completed well before left ventricular activation. The superolateral left ventricle was the site of latest activation ( fig. 1 1) .1' Four tachycardias arose from the superior aspects of sites 2 or 3 on the interventricular septum (group 2). In these tachycardias, normal or right-axis deviation was observed, and lead V1 demonstrated an rS, QS or qrS. In all instances these tachycardias gradually developed R waves in the lateral precordial leads. The two tachycardias from site 3 ( fig. 9 ) resembled those arising from the right ventricular outflow tract (fig. 7) .
The third group of tachycardias with left bundle branch block morphology were those arising from the posterobasal region of the left ventricle ( fig. 10 ). This group had many similar characteristics. Four of the five tachycardias ( fig. 10) were observed in leads 1, aV, or V,. An R wave was present in lead V, in all five tachycardias with progressive development of R-wave amplitude across the lateral precordium. Excessive R-wave positivity (i.e., greater than expected for typical left bundle branch block during sinus rhythm) was observed with the R wave in V2 exceeding 40 msec in all cases and the R wave in V1 exceeding 40 msec in duration in all but one case.
In patient 5 (table 6) , ventricular tachycardias with both right and left bundle branch block morphologies arose from the anterosuperior border of an aneurysm at site 9. The left bundle branch block morphology in this patient appeared similar to tachycardias A and B in figure 7 despite different ventricles of origin of the tachycardia. This resulted from early transseptal spread with early breakthrough near the right ventric-ular outflow tract on the epicardium and subsequent ventricular activation from that spot. The details of this case have been reported."' In summary, ventricular tachycardias with left bundle branch block morphology (table 8) can arise from either the right or left ventricle. In patients with coronary artery disease all ventricular tachycardias with left bundle branch block pattern originated from the left ventricle. Specific QRS patterns were useful in localizing the region of origin. The combination of Q waves in leads 1 and V6 and a superior and leftward axis was specific for origin along the inferior aspect of the anterior septum (group 1). All left bundle branch block tachycardias with an inferior and rightward axis originated from the superior aspect of the anterior septum (group 2). The presence of R waves in leads 1, V2, V, and V,, regardless of axis, was specific for a pos- Earliest epicardial activation is at the right ventricular apex 23 msec after the onset of the QRS. Right ventricular activation precedes and is completed before left ventricular activation. The latest site activated is the superolateral left ventricle. The ECG is below.
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V5 V6 X , . w 9 . 9 . , . 6 . . . . . , i t . . . . . . . v . . . . . . . . terobasal origin (group 3). In patients without cardiac disease, ventricular tachycardia with left bundle branch block pattern arose in the right ventricle with an expected morphology and axis for specific site of origin.
Discussion
The QRS morphology of ventricular complexes has been used to identify their site of origin and even to predict their clinical significanee.'~6 The use of QRS morphology in this regard is based on the assumption that a characteristic pattern of ventricular activation, and hence QRS morphology, is associated with excitation at a specific region of the heart. This assumption is based on extrapolations from human and animal investigations analyzing the QRS morphology produced by electrical or mechanical stimulation of the ven-tricles1," 2, -14 as well as from deductive reasoning based on QRS patterns observed during bundle branch block patterns.4' 5 Such analyses based on indirect data suffer from several limitations: (') Animal experiments evaluated activation in normal hearts, and therefore did not take into consideration the effects of conduction disturbances, myocardial fibrosis, hypertrophy and/or infarction on ventricular activation. Because ventricular tachycardia is often associated with such abnormal substrates, these data are not analogous to human arrhythmias.
(2) Although deductive reasoning suggested that stimulated or spontaneous ventricular impulses from one ventricle should be associated with QRS complexes consistent with contralateral bundle branch block (i.e., right ventricular stimuli should produce a left bundle branch block pattern), we recently demonstrated that this is not always the case, particularly in patients with coronary artery disease.' 5 16, 18, 19 Moreover, ventricular tachycardias with left bundle branch block morphologies have been successfully ablated by left ventricular aneurysmectomy, suggesting an origin in the left rather than the right ventricle.20 22 (3) Analysis of the QRS morphology produced by pacing right and left ventricles in man is limited by the imprecise localization of the pacing site, the limited number of sites, and use of left ventricular epicardial pacing, which fails to take into account that most episodes of sustained ventricular tachycardia appear to originate near the endocardium and that epicardial breakthrough and subsequent ventricular activation may take place distant from the site of origin. '5-19 Thus, epicardial pacing could produce identical patterns of ventricular activation, and hence QRS morphology, as tachycardias originating at different endocardial sites.
To circumvent some of these problems, we used catheter endocardial mapping to localize the origin of 41 morphologically distinct ventricular tachycardias in 34 patients. The accuracy of this technique has been established6' 19 and was confirmed in 20 patients in the present study who underwent surgical treatment for their medically refractory ventricular arrhythmias.
One potential objection to our study is the application of the term left bundle branch block pattern based on lead V, alone, particularly to the group of tachycardias originating anteroseptally demonstrating QS across the precordium. One could suggest that these were actually examples of concealed right bundle branch block as described by Rosenbaum et al. 23 We feel justified in our designation of left bundle branch block pattern to this group for several reasons. Morphologic criteria for left bundle branch block in the lateral precordial leads that were established during antegradely conducted impulses may not be valid for ventricular tachycardia because the sites of origin of ventricular tachycardias with left bundle branch block morphologies from apex to base along the septal or paraseptal regions are quite diverse, and disparate activation sequences are expected. Thus, we are not surprised that the lateral precordial QRS morphologies may be different among the ventricular tachycardias with left bundle branch block morphology associated with superior axis. Not only are the differences of site of origin important in establishing the activation pattern, but the anatomic derangements (e.g., infarctions and/or aneurysms) also determine local electrophysiologic characteristics and subsequent ventricular activation patterns. Thus, the massive apical infarction characteristically associated with ventricular tachycardias having left bundle branch block morphology and superior axis arising from the anterior septum would be expected to cause absence of R waves across the precordial leads with a variable amount of R wave noted in V,, V7 or V8 as normal muscle is encountered by the depolarizing wave front.
Although a vectorcardiogram provides a more accurate identification of the conduction pattern during ventricular tachycardia, specifically the presence of concealed right bundle branch block, than a surface ECG alone, we do not perform them during electrophysiologic studies. However, intraoperative activation mapping studies were performed in 20 patients, including 14 patients with coronary artery disease who had ventricular tachycardia with left bundle branch block morphology. Specifically, all patients with ventricular tachycardia arising at the anterior septum having left bundle branch block (by our definition) and superior axis morphology underwent intraoperative mapping. In each, the intraoperative mapping procedure confirmed the septal or paraseptal origin of all ventricular tachycardias with 'left bundle branch block morphologies. Epicardial mapping during ventricular tachycardia with left bundle branch block morphology demonstrated left ventricular activation after right ventricular activation. In all but one patient with left bundle branch block morphology, the epicardial breakthrough arose on the right ventricle and in ;thremaining patient it arose alon the: lft sideofthe anterior interventricular grooveHever, in patient with ventricular tachycardia who had left* ;bn branch block morphology and superioraxis,rightv tricular activation not only preceded,;bou was completed before left ventricular activation. ' " Th-e'`last' region to be activated in the heart in these tachycardias was the superolateral aspect of the left ventricle. We believe these data validate the use of left bundle branch block patterns in the group of patients with tachycardias that arise at the anterior septum and have concordant QRS patterns across the precordium.
The present study, however, did reveal that analysis of the 12-lead ECG during ventricular tachycardia could provide some insight into the region from which the tachycardia arose. In our patients with coronary artery disease, both right and left bundle branch block ventricular tachycardias originated from the left ventricle. All but one left bundle branch block tachycardia originated from septal or paraseptal sites in the left ventricle. In general, QRS patterns were useful in differentiating anterior from posterior regions of origin. The presence of a q wave in lead 1 and/or V6 was seen in both right and left bundle branch block tachycardias originating anteriorly and not observed in ventricular tachycardias of posterobasal or posteroseptal origin. R waves in leads 1 and V1 through V, in right bundle branch block tachycardias, and in leads 1, V2, V3 and V6 in left bundle branch block tachycardias were specific for a posterior origin and not observed in ventricular tachycardias of anterior origin. In ventricular tachycardia with a left bundle branch block pattern, the combination of Q waves in leads I and VB and a superior and leftward axis was specific for origin along the inferior aspect of the anterior septum.
Finally, all left bundle branch block tachycardias with an inferior and rightward axis originated from the superior aspect of the anterior septum. Electrocardiographic criteria considered highly suggestive or diagnostic of ventricular tachycardia vs aberration by Wellens et al.24 were confirmed.
Data from our laboratory in human and experimental ventricular tachycardia suggest that epicardial breakthrough and subsequent ventricular activation correlate with the QRS morphology of the tachycardia.16 ' 19, 26, 26 Epicardial mapping has not been shown to accurately localize the origin of ventricular tachycardia, so it is not surprising that the QRS morphology would not be:predictive of the origin of this arrhythmia. Thus, in the presence of organic heart disease in which there is endocardial and intramural conduction delay caused by scars, hypertrophy or primary electrical disturbances, the QRS morphology probably could not predict with great specificity the origin of ventricular activation.
Limitations
A limitation of the present study is the lack of precision of catheter mapping. The correlation with the intraoperative mapping studies is good (4-8 cm2), but the small discrepancies could theoretically alter our conclusions. However, it is certainly more accurate than the ECG alone. Even if the tachycardias were assumed to arise within any part of a 4-8-cm2 area, the analysis would have yielded similar results.
Another limitation is the small number of tachycardias studied. Although this is the largest number of ventricular tachycardias with 12-lead ECGs reported, the number from each area was small. Thus, firm conclusions should not be reached concerning electrocardiographic patterns of ventricular tachycardias in the presence of heart disease. However, the present data demonstrate the remarkable variability of QRS morphologies that can result from tachycardias arising from the same region.
Our conclusions from this study should be tempered due to the small patient population, but it is evident that the ECG is an imperfect tool for localizing the origin of ventricular tachycardia, particularly in the presence of myocardial disease. Although the 12-lead ECG during ventricular tachycardia may provide some useful information regarding the site of origin, it is frequently misleading, because the pattern of ventricular activation need not be correlated to the site of origin. Even when a relationship exists, the origin of ventricular tachycardias can at best only be classified by region. More precise data are important when considering surgery for refractory ventricular arrhythmias, particularly sustained ventricular tachycardia. Precise localization of such rhythms requires some form of endocardial activation mapping in order to direct the surgical approach to this arrhythmia.
